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TOPOGRAPHY MINIMIZATION OF
NEUTRAL LAYER OVERCOATS IN
DIRECTED SELF-ASSEMBLY
APPLICATIONS

CROSS REFERENCE TO RELATED
APPLICATION

Pursuant to 37 C.F.R. §1.78(a)(4), this application claims
the benefit of and priority to prior filed Provisional Applica-
tion No. 61/782,518 filed Mar. 14, 2013, which is expressly
incorporated herein by reference.

FIELD OF THE INVENTION

The present invention is directed to a patterning process
using directed self-assembly.

BACKGROUND OF THE INVENTION

Directed self-assembly (“DSA”) processes use block
copolymers to form lithographic structures, which are formed
by the rearrangement of the block copolymer from a random,
unordered state to a structured, ordered state. The morphol-
ogy of the ordered state is variable and depends on a number
of factors, including the relative molecular weight ratios of
the block polymers, as well as the surrounding chemical and
physical environment. Common morphologies include line-
space and cylindrical, although other structures may also be
used. For example, other ordered morphologies include
spherical, lamellar, bicontinuousgyroid, or miktoarm star
microdomains.

Two common methods used to guide self-assembly in BCP
thin films are grapho-epitaxy and chemo-epitaxy. In the gra-
pho-epitaxy method, self-organization of block copolymers
is guided by pre-patterned substrates. Self-aligned lamellar
BCPs can form parallel line-space patterns of different
domains in topographical trenches and enhance pattern reso-
Iution by subdividing the space of topographical patterns.
However, defects and line-edge roughness are easily induced
in this grapho-epitaxy directed self-assembly scheme. For
example, if the sidewalls are neutral, the lamellae tend to
orient perpendicular to the sidewalls and will not subdivide
the pitch along the desired direction.

In the chemical epitaxy method, the self-assembly of BCP
domains is guided by chemical patterns having pitch dimen-
sions commensurate with the domain size or pitch period (L)
of'the self-assembled BCP morphology. The affinity between
the chemical patterns and at least one of the types of BCP
domains results in the precise placement of the difterent BCP
domains on respective corresponding regions of the chemical
patterns, i.e., a pinning region. The affinity for the one type of
domain (for example the A domains of an A-B diblock
copolymer assembly) dominates the interaction of the other
domain(s) (for example the B domains) with the non-pat-
terned regions of the surface, which can be selective or non-
selective (or neutral) towards the other type(s) of domains. As
a result, the pattern formation in the resulting BCP assembly
can directly mirror the underlying chemical pattern (i.e., can
be a one-for-one reproduction of the features of the chemical
pre-pattern). Moreover, depending on the domain size or
pitch period (L) of the self-assembled BCP morphology and
the critical dimension (CD) of the pinning regions and the
non-patterned regions, frequency multiplication can be
achieved. However, dimension control and line-edge rough-
ness can be negatively affected in chemo-epitaxy methods by
topographical variations in the chemical pre-pattern.
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One commonly observed variation in chemical pre-pat-
terns is introduced when forming a neutral layer over the
prepattern, which is not resolved in the subsequent lift-off
step. Referring to FIGS. 1A-1E, alayered substrate 100 of the
prior art is provided having a substrate 101 coated with an
under-layer 102 and an imaged layer of photoresist 103,
wherein exposed regions 104 and unexposed regions 105 are
shown after exposure to radiation 106. Where the layer of
photoresist 103 is a positive tone photoresist comprising a
photoacid generator, exposed regions 104 are rendered
soluble to positive tone developing chemistry, such as aque-
ous tetramethylammonium hydroxide (TMAH), upon per-
forming a post-exposure bake. As shown in FIG. 1B, expo-
sure of layer of photoresist 103 to a developing chemistry
removes exposed regions 104 to provide openings 107. A
flood exposure step shown in FIG. 1C, followed by a bake
step provides positive resist lines 108. Coating the positive
resist lines 108 with a thin uncross-linked neutral layer, which
is subsequently baked to cross-link the thin neutral layer,
forms a cross-linked neutral layer 110. However, as shown in
FIG. 1D, the application of the neutral layer 110 has tradi-
tionally been plagued by pooling regions 110a of the neutral
layer 110 against the sides 108a of the positive resist lines
108. These pooling regions can be seen in the scanning elec-
tron micrograph (SEM) shown in FIG. 2A.

The underlying positive tone resist lines 108 are then lifted
off by exposure to a developer solution (such as a tetramethyl
ammonium hydroxide (TMAH) solution), which penetrates
the thin cross-linked neutral layer 110, and then dissolves the
underlying positive tone resist lines 108. As the positive tone
resist lines 108 dissolves, the cross-linked neutral layer 110
attached to the lines 108 is essentially lifted off the layered
substrate 100 because it has lost its underlying support, i.e.,
the positive tone resist lines 108. Unfortunately, the pooling
regions 110q of the neutral layer 110 are not removed in this
subsequent developing step. Accordingly, this pre-pattern
variation 112a remains in the patterned neutral layer 112. In
the SEMs shown in FIGS. 2B and 2C, the retained pooling
regions are prominently evident in the bulbous edges. The
increased variations in neutral layer topography can lower the
propensity of an overlying layer of BCP to undergo DSA,
which in turn causes an increase in defects.

Therefore, due to the aforementioned limitations, methods
to improve neutral layer topography would therefore be
highly desirable for improved directed self-assembly pro-
cesses.

SUMMARY

The present invention overcomes the foregoing problems
and other shortcomings, drawbacks, and challenges of con-
ventional prepattern formation in directed self-assembly
applications. While the invention will be described in con-
nection with certain embodiments, it will be understood that
the invention is not limited to these embodiments. To the
contrary, this invention includes all alternatives, modifica-
tions, and equivalents as may be included within the scope of
the present invention.

According to an embodiment of the present invention, a
method for patterning a layered substrate is provided. The
method comprises loading a substrate into a coater-developer
processing system; coating the substrate with a photoresist
material to form a photoresist material layer on the substrate;
patterning the photoresist material layer to form a photoresist
pattern on the substrate; transferring the substrate to a depo-
sition processing system; and depositing a neutral layer over
the photoresist pattern and exposed portions of the substrate.
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According to another embodiment, the method may further
include hardening the photoresist pattern subsequent to pat-
terning of the photoresist material, to render the photoresist
pattern resistant to subsequent deposition of the neutral layer.
According to another embodiment, the method may further
include trimming the photoresist pattern subsequent to pat-
terning of the photoresist material.

According to another embodiment of the invention, the
deposition processing system may be a gas cluster ion beam
(GCIB) system, and the neutral layer is deposited using GCIB
deposition of gas cluster ions formed from a first gas mixture.
According to another embodiment, the deposition processing
system is an atomic layer deposition (ALD) system, and the
neutral layer is deposited using ALD deposition utilizing at
least one precursor gas.

According to yet another embodiment, the method of claim
1, may further include lifting off a portion of the neutral layer
deposited over the photoresist pattern to expose a neutral
layer template for subsequent directed self-assembly (DSA)
patterning; depositing a DSA material layer over the neutral
layer template; baking the DSA material layer to form a DSA
pattern; and developing the DSA material layer to expose the
final DSA pattern for subsequent feature etching.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and constitute a part of this specification, illustrate embodi-
ments of the present invention and, together with a general
description of the invention given above, and the detailed
description of the embodiments given below, serve to explain
the principles of the present invention.

FIGS.1A-1E illustrate a lithographic process for forming a
directed self-assembly prepattern, in accordance with an
embodiment of the prior art;

FIG. 2A is a perspective view of a prior art scanning elec-
tron micrograph (SEM) showing a neutral layer coating on a
patterned photoresist layer with pooling regions against the
resist lines;

FIG. 2B is a perspective view of a prior art SEM showing
a directed self-assembly prepattern after a lift off process;

FIG.2Cis across-sectional view of the SEM shown in FIG.
2B;

FIGS. 3A-3G illustrate a lithographic process for forming
a DSA prepattern, in accordance with an embodiment of the
present invention;

FIG. 4 is a flow chart illustrating a method of forming a
DSA prepattern, in accordance with an embodiment of the
present invention; and

FIG. 5 is a flow chart illustrating a method of forming a
DSA prepattern, in accordance with another embodiment of
the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS
OF THE INVENTION

Methods for forming a prepattern to be used with direct
self-assembly (“DSA”) integrations are disclosed in various
embodiments. However, one skilled in the relevant art will
recognize that the various embodiments may be practiced
without one or more of the specific details or with other
replacement and/or additional methods, materials, or compo-
nents. In other instances, well-known structures, materials, or
operations are not shown or described in detail to avoid
obscuring aspects of various embodiments of the present
invention.
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Similarly, for purposes of explanation, specific numbers,
materials, and configurations are set forth in order to provide
athorough understanding. Nevertheless, the embodiments of
the present invention may be practiced without specific
details. Furthermore, it is understood that the illustrative rep-
resentations are not necessarily drawn to scale.

Reference throughout this specification to “one embodi-
ment” or “an embodiment” or variation thereof means that a
particular feature, structure, material, or characteristic
described in connection with the embodiment is included in at
least one embodiment of the invention, but does not denote
that they are present in every embodiment. Thus, the appear-
ances of the phrases such as “in one embodiment” or “in an
embodiment” in various places throughout this specification
are not necessarily referring to the same embodiment of the
invention. Furthermore, the particular features, structures,
materials, or characteristics may be combined in any suitable
manner in one or more embodiments. Various additional lay-
ers and/or structures may be included and/or described fea-
tures may be omitted in other embodiments.

Additionally, it is to be understood that “a” or “an” may
mean “one or more” unless explicitly stated otherwise.

Various operations will be described as multiple discrete
operations in turn, in a manner that is most helpful in under-
standing the invention. However, the order of description
should not be construed as to imply that these operations are
necessarily order dependent. In particular, these operations
need not be performed in the order of presentation. Opera-
tions described may be performed in a different order than the
described embodiment.

In accordance with embodiments of the present invention,
amethod for patterning a layered structure includes, perform-
ing photolithography process on a track to provide a devel-
oped prepattern photoresist layer on an underlying substrate,
forming a neutral layer over the developed prepatterned pho-
toresist layer in a depositions system, lifting off a portion of
the neutral layer to exposed pinning regions, casting and
annealing a layer of a self-assembling block copolymer,
forming a pattern by selectively removing at least a portion of
one polymer block of the self-assembling block copolymer,
and optionally transferring the pattern to the underlying sub-
strate.

As used herein, the term “polymer block” means and
includes a grouping of multiple monomer units of a single
type (i.e., a homopolymer block) or multiple types (i.e., a
copolymer block) of constitutional units into a continuous
polymer chain of some length that forms part of a larger
polymer of an even greater length and exhibits a N value,
with other polymer blocks of unlike monomer types, that is
sufficient for phase separation to occur. ¥ is the Flory-Hug-
gins interaction parameter, which is temperature dependent,
and N is the total degree of polymerization for the block
copolymer. According to embodiments of the present inven-
tion, the N value of one polymer block with at least one other
polymer block in the larger polymer may be equal to or
greater than about 10.5, at the annealing temperature.

As used herein, the term “block copolymer” means and
includes a polymer composed of chains where each chain
contains two or more polymer blocks as defined above and at
least two of the blocks are of sufficient segregation strength
(e.g. xN>10.5) for those blocks to phase separate. A wide
variety of block polymers are contemplated herein including
diblock copolymers (i.e., polymers including two polymer
blocks (AB)), triblock copolymers (i.e., polymers including
three polymer blocks (ABA or ABC)), multiblock copoly-
mers (i.e., polymers including more than three polymer
blocks (ABCD, etc.)), and combinations thereof.
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As used herein, the term “substrate” means and includes a
base material or construction upon which materials are
formed. It will be appreciated that the substrate may include
a single material, a plurality of layers of different materials, a
layer or layers having regions of different materials or difter-
ent structures in them, etc. These materials may include semi-
conductors, insulators, conductors, or combinations thereof.
For example, the substrate may be a semiconductor substrate,
a base semiconductor layer on a supporting structure, a metal
electrode or a semiconductor substrate having one or more
layers, structures or regions formed therecon. The substrate
may be a conventional silicon substrate or other bulk substrate
comprising a layer of semiconductive material. As used
herein, the term “bulk substrate” means and includes not only
silicon wafers, but also silicon-on-insulator (“SOI”) sub-
strates, such as silicon-on-sapphire (“SOS”) substrates and
silicon-on-glass (“SOG”) substrates, epitaxial layers of sili-
con on a base semiconductor foundation, and other semicon-
ductor or optoelectronic materials, such as silicon-germa-
nium, germanium, gallium arsenide, gallium nitride, and
indium phosphide. The substrate may be doped or undoped.

The terms “microphase segregation” and “microphase
separation,” as used herein mean and include the properties
by which homogeneous blocks of a block copolymer aggre-
gate mutually, and heterogeneous blocks separate into dis-
tinct domains. In the bulk, block copolymers can self
assemble into ordered morphologies, having spherical, cylin-
drical, lamellar, or bicontinuous gyroid microdomains, where
the molecular weight of the block copolymer dictates the
sizes of the microdomains formed. The domain size or pitch
period (L) of the self-assembled block copolymer morphol-
ogy may be used as a basis for designing critical dimensions
of'the patterned structure. Similarly, the structure period (L),
which is the dimension of the feature remaining after selec-
tively etching away one of the polymer blocks of the block
copolymer, may be used as a basis for designing critical
dimensions of the patterned structure.

The lengths of each of the polymer blocks making up the
block copolymer may be an intrinsic limit to the sizes of
domains formed by the polymer blocks of those block
copolymers. For example, each of the polymer blocks may be
chosen with a length that facilitates self-assembly into a
desired pattern of domains, and shorter and/or longer copoly-
mers may not self-assemble as desired.

The term “annealing” or “anneal” as used herein means
and includes treatment of the block copolymer so as to enable
sufficient microphase segregation between the two or more
different polymeric block components of the block copoly-
mer to form an ordered pattern defined by repeating structural
units formed from the polymer blocks. Annealing of the block
copolymer in the present invention may be achieved by vari-
ous methods known in the art, including, but not limited to:
thermal annealing (either in a vacuum or in an inert atmo-
sphere, such as nitrogen or argon), solvent vapor-assisted
annealing (either at or above room temperature), or super-
critical fluid-assisted annealing. As a specific example, ther-
mal annealing of the block copolymer may be conducted by
exposing the block copolymer to an elevated temperature that
is above the glass transition temperature (Tg), but below the
thermal degradation temperature (Td) of the block copoly-
mer, and also below the order-disorder temperature (ODT)
above which the block copolymer will no longer phase sepa-
rate. Other conventional annealing methods not described
herein may also be utilized.

The ability of block copolymers to self-organize may be
used to form mask patterns. Block copolymers are formed of
two or more chemically distinct blocks. For example, each
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block may be formed of a different monomer. The blocks are
immiscible or thermodynamically incompatible, e.g., one
block may be polar and the other may be non-polar. Due to
thermodynamic effects, the copolymers will self-organize in
solution to minimize the energy of the system as a whole;
typically, this causes the copolymers to move relative to one
another, e.g., so that like blocks aggregate together, thereby
forming alternating regions containing each block type or
species. For example, if the copolymers are formed of polar
(e.g. organometallic-containing polymers) and non-polar
blocks (e.g., hydrocarbon polymers), the blocks will segre-
gate so that non-polar blocks aggregate with other non-polar
blocks and polar blocks aggregate with other polar blocks. It
will be appreciated that the block copolymers may be
described as a self-assembling material since the blocks can
move to form a pattern without active application of an exter-
nal force to direct the movement of particular individual
molecules, although heat may be applied to increase the rate
of movement of the population of molecules as a whole.

In addition to interactions between the polymer block spe-
cies, the self-assembly of block copolymers can be influenced
by topographical features, such as steps or guides extending
perpendicularly from the horizontal surface on which the
block copolymers are deposited. For example, a diblock
copolymer, a copolymer formed of two different polymer
block species, may form alternating domains, or regions,
which are each formed of a substantially different polymer
block species. When self-assembly of polymer block species
occurs in the area between the perpendicular walls of a step or
guides, the steps or guides may interact with the polymer
blocks such that, e.g., each of the alternating regions formed
by the blocks is made to form a regularly spaced apart pattern
with features oriented generally parallel to the walls and the
horizontal surface.

Such self-assembly can be useful in forming masks for
patterning features during semiconductor fabrication pro-
cesses. For example, one of the alternating domains may be
removed, thereby leaving the material forming the other
region to function as a mask. The mask may be used to pattern
features such as electrical devices in an underlying semicon-
ductor substrate. Methods for forming a copolymer mask are
disclosed in U.S. Pat. No. 7,579,278; and U.S. Pat. No. 7,723,
009, the entire disclosure of each of which is incorporated by
reference herein.

According to an embodiment of the present invention, the
directed self-assembly block copolymer is a block copolymer
comprising a first polymer block and a second polymer block,
where the first polymer block inherently has an etch selectiv-
ity greater than 2 over the second block polymer under a first
set of etch conditions. According to one embodiment, the first
polymer block comprises a first organic polymer, and the
second polymer block comprises a second organic polymer.
In another embodiment, the first polymer block is an organic
polymer and the second polymer block is an organometallic-
containing polymer. As used herein, the organometallic-con-
taining polymer includes polymers comprising inorganic
materials. For example, inorganic materials include, but are
not limited to, metalloids such as silicon, and/or transition
metals such as iron.

It will be appreciated that the total size of each block
copolymer and the ratio of the constituent blocks and mono-
mers may be chosen to facilitate self-organization and to form
organized block domains having desired dimensions and
periodicity. For example, it will be appreciated that a block
copolymer has an intrinsic polymer length scale, the average
end-to-end length of the copolymer in film, including any
coiling or kinking, which governs the size of the block
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domains. A copolymer solution having longer copolymers
may be used to form larger domains and a copolymer solution
having shorter copolymers may be used to form smaller
domains.

Moreover, the types of self-assembled microdomains
formed by the block copolymer are readily determined by the
volume fraction of the first block component to the second
block components.

For example, when the volume ratio of the first block
component to the second block component is greater than
about 80:20, or less than about 20:80, the block copolymer
will form an ordered array of spheres composed of the second
polymeric block component in a matrix composed of the first
polymeric block component. Conversely, when the volume
ratio of the first block component to the second block com-
ponent is less than about 20:80, the block copolymer will
form an ordered array of spheres composed of the first poly-
meric block component in a matrix composed of the second
polymeric block component.

When the volume ratio of the first block component to the
second block component is less than about 80:20 but greater
than about 65:35, the block copolymer will form an ordered
array of cylinders composed of the second polymeric block
component in a matrix composed of the first polymeric block
component. Conversely, when the volume ratio of the first
block component to the second block component is less than
about 35:65 but greater than about 20:80, the block copoly-
mer will form an ordered array of cylinders composed of the
first polymeric block component in a matrix composed of the
second polymeric block component.

When the volume ratio of the first block component to the
second block component is less than about 65:35 but is
greater than about 35:65, the block copolymer will form
alternating lamellae composed of the first and second poly-
meric block components.

Therefore, the volume ratio of the first block component to
the second block component can be readily adjusted in the
block copolymer in order to form desired self-assembled
periodic patterns. According to embodiments of the present
invention, the volume ratio of the first block component to the
second block component is less than about 65:35 but greater
than about 35:65 to yield an ordered array of lamellar
domains composed of alternating layers of the first polymer
block component and the second polymeric block compo-
nent.

Block copolymers may be comprised of exemplary organic
polymer blocks that include, but are not limited to, poly(9,9-
bis(6'-N,N,N-trimethylammonium)-hexyl)-fluorene ~ phe-
nylene) (PFP), poly(4-vinylpyridine) (4PVP), hydroxypropyl
methylcellulose (HPMC), polyethylene glycol (PEG), poly
(ethylene oxide)-co-poly(propylene oxide) di- or multiblock
copolymers, poly(vinyl alcohol) (PVA), poly(ethylene-co-
vinyl alcohol) (PEVA), poly(acrylic acid) (PAA), polylactic
acid (PLA), poly(ethyloxazoline), a poly(alkylacrylate),
polyacrylamide, a poly(N-alkylacrylamide), a poly(N,N-di-
alkylacrylamide), poly(propylene glycol) (PPG), poly(pro-
pylene oxide) (PPO), partially or fully hydrolyzed poly(vinyl
alcohol), dextran, polystyrene (PS), polyethylene (PE),
polypropylene (PP), polyisoprene (PI), polychloroprene
(CR), a polyvinyl ether (PVE), poly(vinyl acetate) (PVAc),
poly(vinyl chloride) (PVC), a polyurethane (PU), a polyacry-
late, an oligosaccharide, or a polysaccharide.

Block copolymers may be comprised of exemplary orga-
nometallic-containing polymer blocks that include, but are
not limited to, silicon-containing polymers such as polydim-
ethylsiloxane (PDMS), polyhedral oligomeric silsesquiox-
ane (POSS), or poly(trimethylsilylstyrene (PTMSS), or sili-
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con- and iron-containing polymers
(ferrocenyldimethylsilane) (PFS).

Exemplary block copolymers include, but are not limited
to, diblock copolymers such as polystyrene-b-polydimethyl-
siloxane (PS-PDMS), poly(2-vinylpyridine)-b-polydimeth-
ylsiloxane (P2VP-PDMS), polystyrene-b-poly(ferroce-
nyldimethylsilane) (PS-PFS), or polystyrene-b-poly-DL-
lactic acid (PS-PLA), or triblock copolymers such as
polystyrene-b-poly(ferrocenyldimethylsilane)-b-poly(2-vi-
nylpyridine) (PS-PFS-P2VP), polyisoprene-b-polystyrene-
b-poly(ferrocenyldimethylsilane) (PI-PS-PFS), or polysty-
rene-b-poly(trimethylsilylstyrene)-b-polystyrene (PS-
PTMSS-PS). In one embodiment, a PS-PTMSS-PS block
copolymer comprises a poly(trimethylsilylstyrene) polymer
block that is formed of two chains of PTMSS connected by a
linker comprising four styrene units. Modifications of the
block copolymers is also envisaged, such as that disclosed in
U.S. Patent Application Publication No. 2012/0046415, the
entire disclosure of which is incorporated by reference herein.

In one particular embodiment, the block copolymer used
for forming the self-assembled periodic patterns is a PS-
PMMA block copolymer. The polystyrene (PS) and the poly-
methylmethacrylate (PMMA) blocks in such a PS-PMMA
block copolymer can each have a number average molecular
weight ranging from about 10 kg/mol to about 100 kg/mol,
with a number average molecular weight from about 20
kg/mol to about 50 kg/mole being more typical. Additionally,
the volume fraction of the PMMA (fPMMA) can range from
about 35% to about 65%. In one embodiment, a PS-PMMA
block copolymer having a 44 kg/mol molecular weight, with
50 vol % PMMA, provides lamellar features having an 12.5
nm structure period (Lg) and a 25 nm pitch (L,).

Embodiments of the invention may also allow for the for-
mation of features smaller than those that may be formed by
block polymers alone or photolithography alone. In embodi-
ments of the invention, a self-assembly material formed of
different chemical species is allowed to organize to form
domains composed of like chemical species. Portions of those
domains are selectively removed to form temporary place-
holders and/or mask features. A pitch multiplication process
may then be performed using the temporary placeholders
and/or mask features formed from the self-assembly material.
Features with a pitch smaller than a pitch of the temporary
placeholders may be derived from the temporary placehold-
ers.

However, in order to overcome the problems ofthe prior art
and to minimize topography of the chemo-epitaxy prepattern,
the method described herein utilizes new combinations of
processing steps to prepare a prepatterned substrate for use in
DSA applications. This method can improve the reliability of
the DSA step, thereby minimizing processing defects.

Thus, in accordance with embodiments of the present
invention and in reference to FIG. 4, a method 400 for pat-
terning a layered substrate is provided. The method 400 com-
prises loading a substrate into a coater-developer processing
system (410); coating the substrate with a photoresist mate-
rial to form a photoresist material layer on the substrate (420);
patterning the photoresist material layer to form a photoresist
pattern on the substrate (430); transferring the substrate to a
deposition processing system (440); and depositing a neutral
layer over the photoresist pattern and exposed portions of the
substrate (450). As described in more detail below, the neutral
layer may be deposited using 1) a gas cluster ion beam
(GCIB) process or 2) an atomic layer deposition (ALD) pro-
cess.

With reference to FIGS. 3A-3G and step 410, the substrate
301 is loaded into a coater-developer processing system, such

such as
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as one of the units from the CLEAN TRACK® family of
coaters/developers, wherein a light sensitive material, such as
a photoresist, can be applied, imaged, and developed. The
substrate 301 may comprise a semiconductor, e.g., mono-
crystalline silicon, germanium, and any other semiconductor.
In alternate embodiments, substrate 301 may comprise any
material used to fabricate integrated circuits, passive micro-
electronic devices (e.g., capacitors, inductors) and active
microelectronic devices (e.g., transistors, photo-detectors,
lasers, diodes). Substrate 301 may include insulating materi-
als that separate such active and passive microelectronic
devices from a conductive layer or layers that are formed on
top of them. In one embodiment, substrate 301 comprises a
p-type mono-crystalline silicon substrate that includes one or
more insulating layers e.g., silicon dioxide, silicon nitride,
sapphire, and other insulating materials.

The substrate 301 may comprise a film stack having one or
more thin films or layers 302 disposed on a base layer. In one
embodiment, the layer 302 may be an organic layer, such as
an organic polymer-based anti-reflective coating (ARC). In
another embodiment, the layer 302 may be an inorganic-
based layer, such as a silicon ARC. According to another
embodiment, the material utilized in forming layer 302 may
be selected based on its chemical affinity for the one type of
domain (for example the A domains of an A-B diblock
copolymer assembly).

A solution of a photoresist material can be spin-coated or
spray-coated onto the substrate, and then baked to remove the
casting solvent to form a photoresist material layer on the
layered substrate 300. As shown in FIG. 3A and in Step 430,
patterning the photoresist material layer with radiation 306
forms a patterned photoresist layer 303 having exposed
regions 304 and unexposed regions 305 on the substrate 301).
Depending on the nature of the resist, the subsequent devel-
opment step can be negative tone, where the unexposed
regions 305 are removed, or positive tone, where the exposed
regions 304 are removed. In the embodiment shown in FIG.
3B, a positive tone development has been performed to
remove exposed regions 304 and thereby provide openings
307 and resist lines 305. Depending on the chemical compo-
sition of the photoresist material comprising the resist lines
305, it is further contemplated that the prepatterned substrate
can undergo further processing prior to deposition of the
neutral layer. For example, the patterned photoresist layer of
the prepatterned substrate can be trimmed. Exemplary meth-
ods for trimming, which is also commonly referred to as
slimming, are described in U.S. Pat. Nos. 8,338,086 and
8,435,728, the entire contents of these patent documents are
herein incorporated by reference in their entirety.

In accordance with embodiments of the present invention,
the resist lines 305, which will be subsequently removed in a
lift-off step described in more detail below, may have certain
favorable properties. For example, the resist lines 305 may be
compatible with the neutral layer deposition process. How-
ever, the compatibility of a photoresist material in a neutral
layer deposition process is dependent upon the nature of the
photoresist material, the deposition process, i.e., whether it is
a GCIB or an ALD process, and the processing conditions.
Accordingly, hardening the photoresist pattern subsequent to
patterning can render the photoresist pattern resistant to deg-
radation during the subsequent deposition of the neutral layer.

Another property of the resist lines 305 to consider is that
the resist lines may be dissolvable in a processing liquid used
in the subsequent lift-off process. For example, where the
photoresist material is a positive tone photoresist comprising
a protected polymer and a photoacid generator, a flood expo-
sure step, followed by a bake step would render the resist lines
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soluble to aqueous basic solutions, such as tetramethyl
ammonium hydroxide (TMAH) solutions. Thus, in the
embodiment shown in FIGS. 3B-3C, resist lines 305 com-
prising a protected photoresist polymer, are converted to
resist lines 308, comprising a deprotected photoresist poly-
mer by a flood exposure and a post-exposure bake to provide
a prepatterned substrate that is ready for application of a
neutral layer, and subsequent dissolution in a processing lig-
uid during the liftoff process. According to another example,
where the photoresist material is a negative tone photoresist
developed with organic solvent, the resist lines 305 possess
the proper polarity to not be dissolvable in a casting solvent
for the subsequent neutral layer coating, and solvable in a
processing liquid used in the lift-off process. As such, a flood
exposure and a bake step are not necessary.

Thus, in accordance with an embodiment, where the pho-
toresist is a positive tone resist, the layered substrate compris-
ing the patterned positive tone photoresist layer may be
exposed to processing conditions prior to deposition of the
neutral layer, where the conditions are sufficient to change the
polarity of the photoresist material to render it soluble or more
soluble to the lift-off processing liquid. Exemplary processes
include, but are not limited, exposure and post-exposure bake,
acid wash and post-acid wash bake, or heating the photoresist
material to a temperature sufficient to induce thermal degra-
dation. In a complementary embodiment, where the photore-
sist is a negative tone resist, additional processing steps prior
to depositing the neutral layer may be omitted.

A. Gas Cluster Ion Beam Processor

The prepatterned substrate shown in FIG. 3C may be trans-
ferred to a deposition processing system. In accordance with
an embodiment, the deposition processing system in a GCIB
processing system. Exemplary, but non-limiting examples of
suitable GCIB processing systems are described in U.S. Pat.
Nos. 8,097,860 and 7,794,798, and U.S. Patent Application
Publication No. 2010/0193701, the entire contents of these
patent documents are incorporated herein by reference in
their entirety. The basic operating principle for GCIB is that
coating is formed when a surface is bombarded by a beam of
high energy, nanoscale cluster ions. The clusters are formed
when a high pressure gas (approximately 10 atmospheres
pressure) expands into a substantially lower pressure vacuum
through a properly shaped nozzle. The gas expands adiabati-
cally and cools then condenses into clusters.

The clusters are nano sized bits of crystalline matter with
unique properties intermediate between the realms of atomic
physics and those of solid state physics. The expansion takes
place inside of a nozzle that shapes the gas flow and facilitates
the formation of a jet of clusters. The jet of clusters passes
through differential pumping apertures into a region of high
vacuum (1x10~® atmospheres) where the clusters are ionized
by collisions with energetic electrons. The ionized clusters
are accelerated electrostatically to very high velocities, and
are focused into a tight beam.

Depending on various operating parameters, such as the
number of nozzles, relative orientation of the layered sub-
strate to the nozzle(s), etc., the GCIB deposition can applied
in a manner to uniformly or non-uniformly coat the topogra-
phy of a prepatterned substrate. For example, as shown in
FIG. 3D, a uniformly applied neutral layer 312 can formed,
such that the vertical surfaces 308a of resist lines 308 are also
coated with the neutral material. In an alternative embodi-
ment shown in FIG. 3E, a neutral layer can be applied selec-
tively to horizontal surfaces for form neutral layer 314qa in the
openings 307, and neutral layer 3145 on the horizontal sur-
face of resist lines 308. As such, the vertical surfaces 308a of
the resist lines 308 remain uncoated. In either embodiment,
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the pooling of the neutral layer material against the resist lines
308 is substantially minimized or eliminated.

Thus, in accordance with this embodiment, a neutral layer
is deposited using a GCIB deposition of gas cluster ions
formed from a first gas mixture, which may comprise a sili-
con-containing gas, a carbon-containing gas, an oxygen-con-
taining gas, a hydrogen-containing gas, or combinations
thereof. As noted above, the neutral layer can be selected base
on its chemical properties toward one or more blocks of the
BCP in the subsequent DSA patterning. Accordingly, the first
gas mixture may be tuned to set the chemical properties of the
neutral layer.

When producing silicon-containing films, the silicon-con-
taining species can include silane (SiH,), disilane (Si,Hy),
dichlorosilane (SiH,Cl,), trichlorosilane (SiC1;H), diethylsi-
lane (C,H,,S1), trimethylsilane (C;H, ,Si), silicon tetrachlo-
ride (SiCl,), silicon tetrafluoride (SiF,), or a combination of
two or more thereof.

When producing silicon-containing films, other species of
the pressurized gas mixture can include a carbon-containing
material, an oxygen-containing material, a hydrogen-con-
taining material, or a combination of two or more thereof. For
example, the pressurized gas mixture can further include N,,
NH;, NF;, NO, N,O, NO,, a hydrocarbon gas having the
formula C,H,, wherein x and y are integers greater than or
equal to unity, a fluorocarbon gas having the formula C.F,
wherein x and y are integers greater than or equal to unity, a
hydrofluorocarbon gas having the formula C H F_, wherein
X, y and z are integers greater than or equal to unity, H,, O,,
CO, CO,, or a noble gas, or a combination of two or more
thereof.

According to one example, a film containing Si is depos-
ited using the introduction of silane (SiH,) to a GCIB.

According to another example, a film containing Si and O
is deposited using the introduction of silicon tetrafluoride
(SiF,), and an oxygen-containing gas such as O, to a GCIB.

According to another example, a film containing Si and C
is deposited using the introduction of silane (SiH,), and a
hydrocarbon gas (C,H,) such as methane (CH,) to a GCIB.
Alternatively, the introduction of diethylsilane or trimethyl-
silane to a GCIB can be utilized.

According to another example, a film containing Si, H and
C is deposited using the introduction of silane (SiH,), and a
hydrocarbon gas (C,H,) such as methane (CH,) to a GCIB.
Alternatively, the introduction of diethylsilane or trimethyl-
silane to a GCIB can be utilized.

According to another example, a film containing Si, O and
C is deposited using the introduction of silicon tetrafluoride
(SiF,), an oxygen-containing gas such as O,, and methane
(CH,) to a GCIB. Alternatively, other carbon-containing
gases may include CO and CO,.

For example, for organic lamellar block copolymers (e.g.,
polystyrene-b-poly(methyl methacrylate), or PS-b-PMMA),
depositing films with various ratios of C, H, and O can change
the hydrophobicity of the neutral layer. For example, increas-
ing oxygen content in the neutral layer film, increases the
hydrophilicity of the neutral layer. Conversely, a low oxygen
content will produce a more hydrophobic neutral layer. For
silicon-containing high y materials, silicon oxide, silicon
nitride, silicon oxynitride, and carbide films with various
ratios would cover a range of surface energies.

Depending on various operating parameters, such as the
number of nozzles, relative orientation of the layered sub-
strate to the nozzle(s), etc., the GCIB deposition can applied
in a manner to uniformly or non-uniformly coat the topogra-
phy of a prepatterned substrate. For example, as shown in
FIG. 3D, a uniformly applied neutral layer 312 can formed,
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such that the vertical surfaces 308a of resist lines 308 are also
coated with the neutral material. In an alternative embodi-
ment shown in FIG. 3E, a neutral layer can be applied selec-
tively to horizontal surfaces for form neutral layer 314qa in the
openings 307, and neutral layer 3145 on the horizontal sur-
face of resist lines 308. As such, the vertical surfaces 308a of
the resist lines 308 remain uncoated. In either embodiment,
the pooling of the neutral layer material against the resist lines
308 is substantially minimized or eliminated.

The substrate can be positioned on a substrate holder and
may be securely held by the substrate holder. The temperature
of the substrate may or may not be controlled. For example,
the substrate may be heated or cooled during a film forming
process. The environment surrounding the substrate is main-
tained at a reduced pressure, while a GCIB is formed from a
pressurized gas mixture comprising one or more film-form-
ing species. As described above, a pressurized gas mixture is
expanded into a reduced pressure environment to form gas-
clusters, the gas-clusters are ionized, and the ionized gas-
clusters are accelerated and optionally filtered.

According to an embodiment, a GCIB is utilized to selec-
tively deposit material on only chosen surfaces of a substrate.
For example, the GCIB can be provided by orienting the
substrate relative to the direction of incidence of the GCIB,
material deposition can proceed on one or more surfaces that
are substantially perpendicular to the incident GCIB while
material deposition can be substantially avoided or reduced
onone or more surfaces that are substantially parallel with the
incident GCIB. Thus, in accordance with an embodiment, the
neutral layer may be anisotropically deposited using GCIB
deposition of gas cluster ions.

Accordingly, subsequently adjusting the orientation of the
substrate relative to the direction of incidence of the GCIB or
utilizing an array of angled GCIB nozzles will then permit
deposition to proceed on other surfaces that are then oriented
substantially perpendicular to the incident GCIB. Moreover,
one or more other properties of the GCIB, including the beam
composition, can be adjusted or alternated in order to direc-
tionally deposit successive material films having differing
properties from one layer to an adjacent layer on one or more
surfaces substantially perpendicular to the incident GCIB.

B. Atomic Layer Deposition Processor

In accordance with another embodiment of the present
invention, the prepatterned substrate is transferred to an
atomic layer deposition (ALD) processing system. Exem-
plary, but non-limiting examples of suitable ALD processing
systems are described in U.S. Patent Application Publication
Nos. 2007/0037412, 2007/0237697, and 2005/0056219, the
entire contents of these patent documents are herein incorpo-
rated by reference in their entirety.

ALD is a self-limiting (the amount of film material depos-
ited in each reaction cycle is constant), sequential surface
chemistry that deposits conformal thin-films of materials
onto substrates of varying compositions. Due to the charac-
teristics of self-limiting and surface reactions, ALD film
growth makes atomic scale deposition control possible. ALD
is similar in chemistry to chemical vapor deposition (CVD),
except that in one embodiment, ALD reaction breaks the
CVD reaction into two half-reactions, keeping the precursor
materials separate during the reaction. By keeping the pre-
cursors separate throughout the coating process, atomic layer
control of film growth can be obtained as fine as about 0.1
angstroms per cycle. Separation of the precursors is accom-
plished by pulsing a purge gas (typically nitrogen or argon)
after each precursor pulse to remove excess precursor from
the process chamber and prevent parasitic or unintentional
CVD deposition on the substrate. ALD is typically used to
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deposit thin films such as silicon oxides, silicon nitrides,
silicon oxynitrides, and carbide films. However, the process is
not specifically limited thereto. Moreover, the ALD deposi-
tion process may be implemented as a batch process or in a
single wafer process.

Thus, in accordance with this embodiment, a neutral layer
is deposited using an ALD deposition a first precursor gas,
which may comprise a silicon-containing gas, a carbon-con-
taining gas, an oxygen-containing gas, a hydrogen-contain-
ing gas, or combinations thereof. The reaction chamber can
be purged or evacuated to remove the non-reacted first pre-
cursor gas, followed by exposure of the substrate to a second
precursor gas, which is again followed by purging or evacu-
ation of the reaction chamber. Accordingly, the ALD process
can isotropically deposit the neutral layer over the prepat-
terned photoresist layer.

The silicon-containing gas or silicon precursors can
include silanes, alkylsilanes, alkylaminosilanes, silanols, and
alkoxy silanes. For example, silicon precursors include, but
are not limited to, (Me,N),Si, (Me,N),SiH, (Me,N),SiH,,
(Me,N)SiH,;,  (Et,N),Si,  (Et,N);SiH, (MeEtN),Si,
(MeEtN),;SiH, Si(NCO),, MeSi(NCO),, SiH,, Si,H, SiCl,,
Si,Cl,, MeSiCl,, HSIiCl;, Me,SiCl,, H,SiCl,, MeSiH,,
Me,SiH,, EtSiH;, Et,SiH,, MeSi(OH);, Me,Si(OH),,
(Et0O),S1, derivative thereof, and combinations thereof. Other
alkoxy silanes may be described by the generic chemical
formula (RO),_,SiL,,,, where n=0-3, R=methyl, ethyl, propyl,
or butyl and L=H, OH, F, Cl, Br, or I, and combinations
thereof. Other alkylsilane compounds useful as silicon pre-
cursors include R, SiH , where R is independently methy],
ethyl, propyl, butyl, or other alkyl and n=0-3. Other alkylami-
nosilane compounds useful as silicon precursors include
(RR'N),_,SiHn, where R or R' are independently hydrogen,
methyl, ethyl, propyl, or butyl and n=0-3. Also, higher silanes
are used as silicon precursors within some embodiments of
the invention. Higher silanes are disclosed in U.S. Patent
Application Publication No. 2004/0224089, which is incor-
porated herein by reference in entirety for the purpose of
describing silicon precursors. In one embodiment, silicon
precursors include (Me,N),SiH, (Et,N);SiH, (Me,N),Si,
(Et,N),Si, and (MeEtN),Si. Optionally an inert gas such as
Ar may be also be included in the silicon-containing gas.

The carbon-containing gas or carbon precursor can
include, but is not limited to, CO, CO,, H,CO, CH,, C.F,,
C,H,N,, or a combination thereof, where x, y, and z are
integers, and optionally an inert gas such as Ar.

The oxygen-containing gas or oXygen precursor can
include, but is not limited to, O,, H,O, H,0,, NO, NO,, N, O,
ozone, or plasma excited oxygen, or a combination thereof,
and optionally an inert gas such as Ar.

In order to incorporate oxygen and carbon into the neutral
layer film, a combination of at least one gas pulse containing
oxygen and at least one gas pulse containing carbon may be
utilized. Of course, gases that include CO, CO,, or H,CO,
contain both oxygen and carbon.

According an embodiment, an ALD deposition process
flow for depositing the neutral layer includes a deposition
cycle containing sequential and alternating exposures of a
pulse of a first gas precursor, a pulse of a purge gas, a pulse of
a second gas precursor, a pulse of a purge gas, a pulse of a
third gas precursor, a pulse of a purge gas, etc. and the cycle
may be repeated. According to another embodiment of the
invention, the order of the sequential and alternating exposure
of'the first, second, third, etc. gas precursors of the deposition
cycle be reversed or varied in different orders and frequency
to effect the desired film growth and film composition. Fur-
thermore, according to embodiments ofthe invention, each of
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the sequential exposure to the precursor gases may be inde-
pendently repeated a predetermined number of times. As
those skilled in the art will readily recognize, a wide variety of
other deposition cycles are possible. For example, where only
two gas precursors are used, exemplary deposition cycles
may include, for example, ABBABB, AABAAB, ABBB,
AAAB, AABB, AAABB, etc. In another example, where
three gas precursors are used, exemplary deposition cycles
may include, but are not limited to ABCABCABC, AAB-
BCC, ABABCBCBACAC, etc. However, embodiments of
the invention are not limited to these deposition cycles, as
other combinations of A, B, C, etc. may be utilized. Using
these different deposition cycles, it is possible to deposit
neutral layer films containing different amounts and different
depth profiles of the Si, C, O, and/or H in the resulting neutral
layer films.

As noted above, the neutral layer can be selected base on its
chemical properties toward one or more blocks of the BCP in
the subsequent DSA patterning. Accordingly, the first precur-
sor may be tuned to set the chemical properties of the neutral
layer. However, as the ALD deposition is principally a con-
formal application of alternating reactive layers of two
complementary reactant precursors, the ALD is particularly
suited for the embodiment shown in FIG. 3D, wherein a
uniformly applied neutral layer 312 can formed, such that the
vertical surfaces 308a of resist lines 308 are also coated with
the neutral material. Accordingly, the ALD deposition
method substantially minimizes or eliminates the pooling of
the neutral layer material against the resist lines 308. As such,
the topography variations induced by spin coating neutral
layers are avoided, which in turn improves subsequent self-
assembly processes.

As shown in FIG. 5, the method for patterning the layered
substrate further includes lifting off a portion of the neutral
layer deposited over the photoresist pattern to expose a neu-
tral layer template for subsequent directed self-assembly
(DSA) patterning (510); depositing a DSA material layer over
the neutral layer template (520); baking the DSA material
layer to form a DSA pattern (530); and developing the DSA
material layer to expose the final DS A pattern for subsequent
feature etching (540).

With respect to step 510, portions of the neutral layer can
be removed using a tetramethyl ammonium hydroxide
(TMAH) developer or according to the method described in a
unpublished patent application entitled “TRACK PROCESS-
ING TO REMOVE ORGANIC FILMS IN DIRECTED
SELF-ASSEMBLY CHEMO-EPITAXY APPLICATIONS;,”
which is filed on the same date as the instant application.

With respect to step 520, the DSA material comprising a
BCP may be deposited by various methods, including, e.g.,
spin-on coating, spin casting, brush coating or vapor deposi-
tion. For example, the block copolymer may be provided as a
solution in a carrier solvent such as an organic solvent, e.g.,
toluene. The solution of the block copolymer can be applied
to the layered substrate shown in FIG. 3F or 3G and the carrier
solvent subsequently removed.

While the invention is not bound by theory, it will be
appreciated that the different block species are understood to
self-aggregate due to thermodynamic considerations in a pro-
cess similar to the phase separation of materials. The self-
organization is guided by the exposed regions 317 or 319 in
FIG. 3F or 3G, respectively. As generally described above,
one of the blocks of the BCP may have a chemical affinity for
the exposed underlying layer 302, which thereby induces one
of'the domains ofthe self-assembled BCP to be pinned to this
opening 317 or 319. Although not shown, the critical dimen-
sion of the opening 317, 319, as well as the critical dimension
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of'the remaining neutral layer portions 316, 318 are important
for proper alignment of the self-assembled BCP, as well as
pitch multiplication.

With reference to step 530, the film of the block copolymer
is exposed to annealing (baking) conditions to facilitate the
self-assembly of the block copolymer. The temperature of the
annealing process may be chosen to be sufficiently low to
prevent adversely affecting the block copolymers or the lay-
ered substrate 300. The anneal may be performed at a tem-
perature of less than about 350° C., less than about 300° C.,
less than about 250° C., less than about 200° C. or about 180°
C. in some embodiments.

According to another embodiment, the annealing process
may include a solvent anneal, which generally reduces the
annealing temperature. The annealing process may also be
used to cause cross-linking of the copolymers, thereby stabi-
lizing the copolymers for later etching and pattern transfer
steps.

According to one aspect, in order to facilitate faster anneal-
ing times without oxidizing or burning the organic polymer
block of the block copolymer, the annealing may be per-
formed in a low oxygen atmosphere at annealing temperature
greater than about 250° C. in less than about 1 hour of anneal
time. As used herein, the low oxygen atmosphere comprises
less than about 50 ppm oxygen. For example, the low oxygen
atmosphere may include less than about 45 ppm, less than
about 40 ppm, less than about 35 ppm, less than about 30 ppm,
less than about 25 ppm, less than about 20 ppm, or ranges in
between thereof.

The anneal time may range from about several hours to
about 1 minute. For example, annealing times for tempera-
tures above 250° C. may range from about 1 hour to about 2
minutes, from about 30 minutes to about 2 minutes, or from
about 5 minutes to about 2 minutes.

According to one embodiment, the annealing temperature
may be within the range from about 220° C. to about 350° C.,
wherein the low oxygen atmosphere comprises less than
about 50 ppm oxygen. For example, the block copolymer film
may be exposed to annealing conditions of 310° C. in less
than about 40 ppm oxygen for about a 2 minutes to about 5
minutes.

With reference to step 540, after completion of the anneal-
ing step of the film of block copolymer, a layer of self-
assembled block polymer having distinct domains is formed.
It will be appreciated that one of the domains may be selec-
tively removed in a single step using a single etch chemistry
or may be removed using multiple etches with different etch
chemistries to provide a pattern defined by the remaining
domain. For example, where a self-assembled block copoly-
mer of polystyrene (PS)-b-polymethylmethacrylate
(PMMA), the PMMA domains may be removed by perform-
ing a selective oxygen plasma etch, leaving behind a pat-
terned substrate with PS lines.

The final DSA-derived pattern may be transferred to the
underlying substrate 301. The pattern transfer may be accom-
plished using etch chemistries appropriate for selectively
etching the material or materials of the substrate 301 relative
to the remaining unetched domain features.

It will be appreciated that various modifications of the
illustrated embodiments are possible. For example, while
discussed in the context of diblock copolymers for ease of
illustration and discussion, the copolymers may be formed of
two or more block species. In addition, while the block spe-
cies of the illustrated embodiment are each formed of a dif-
ferent monomer, the block species may share monomer(s).
For example, the block species may be formed of different
sets of monomers, some of which are the same, or may be
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formed of the same monomer, but in a different distribution in
each block. The different sets of monomers form blocks hav-
ing different properties which may drive the self-assembly of
the copolymers.

In addition, while the illustrated embodiments may be
applied to fabricate integrated circuits, embodiments of the
invention may be applied in various other applications where
the formation of patterns with very small features is desired.
For example, embodiments of the invention may be applied to
form gratings, disk drives, storage media or templates or
masks for other lithography techniques, including X-ray or
imprint lithography. For example, phase shift photomasks
may be formed by patterning a substrate that has a film stack
having phase shifting material coatings.

While the present invention has been illustrated by the
description of one or more embodiments thereof, and while
the embodiments have been described in considerable detail,
they are not intended to restrict or in any way limit the scope
of'the appended claims to such detail. Additional advantages
and modifications will readily appear to those skilled in the
art. The invention in its broader aspects is therefore not lim-
ited to the specific details, representative apparatus and
method and illustrative examples shown and described.
Accordingly, departures may be made from such details with-
out departing from the scope of the general inventive concept.

What is claimed is:

1. A method for patterning a layered substrate, comprising:

loading a substrate into a coater-developer processing sys-

tem;

coating the substrate with a photoresist material to form a

photoresist material layer on the substrate;

patterning the photoresist material layer to form a photo-

resist pattern on the substrate;

transferring the substrate to a deposition processing sys-

tem; and

depositing a neutral layer over the photoresist pattern and

exposed portions of the substrate, wherein the deposi-
tion processing system is a gas cluster ion beam (GCIB)
system, the neutral layer is deposited using GCIB depo-
sition of gas cluster ions formed from a first gas mixture,
and the first gas mixture is tuned to set the chemical
properties of the neutral layer for subsequent directed
self-assembly (DSA) patterning.

2. The method of claim 1, wherein the neutral layer is
anisotropically deposited over the photoresist pattern and
exposed portions of the substrate.

3. The method of claim 1, wherein the first gas mixture
comprises at least one C-containing gas.

4. The method of claim 1, wherein the first gas mixture
comprises at least one O-containing gas.

5. The method of claim 1, wherein the first gas mixture
comprises at least one H-containing gas.

6. The method of claim 1, wherein the first gas mixture
comprises at least one Si-containing gas.

7. The method of claim 1, further comprising:

trimming the photoresist pattern subsequent to patterning

of the photoresist material.

8. The method of claim 1, further comprising:

hardening the photoresist pattern subsequent to patterning

of the photoresist material, to render the photoresist
pattern resistant to subsequent deposition of the neutral
layer.

9. A method for patterning a layered substrate, comprising:

loading a substrate into a coater-developer processing sys-

tem;

coating the substrate with a photoresist material to form a

photoresist material layer on the substrate;



US 9,147,574 B2

17

patterning the photoresist material layer to form a photo-

resist pattern on the substrate;

transferring the substrate to a deposition processing sys-

tem;

depositing a neutral layer over the photoresist pattern and

exposed portions of the substrate;
lifting off a portion of the neutral layer deposited over the
photoresist pattern to expose a neutral layer template for
subsequent directed self-assembly (DSA) patterning;

depositing a DSA material layer over the neutral layer
template;

baking the DSA material layer to form a DSA pattern; and

developing the DS A material layer to expose the final DSA

pattern for subsequent feature etching.

10. The method of claim 9, wherein the deposition process-
ing system is an atomic layer deposition (ALD) system, and
the neutral layer is deposited using ALD deposition utilizing
at least one precursor gas.

11. The method of claim 10, wherein the neutral layer is
isotropically deposited over the photoresist pattern and
exposed portions of the substrate.

12. The method of claim 10, wherein the at least one
precursor gas comprises a C-containing gas.

13. The method of claim 10, wherein the at least one
precursor gas comprises a H-containing gas.

14. The method of claim 10, wherein the at least one
precursor gas comprises an O-containing gas.

15. The method of claim 10, wherein the at least one
precursor gas comprises a Si-containing gas.

16. A method for patterning a layered substrate, compris-
ing:
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loading a substrate into a coater-developer processing sys-

tem;

coating the substrate with a photoresist material to form a

photoresist material layer on the substrate;

patterning the photoresist material layer to form a photo-

resist pattern on the substrate;

transferring the substrate to a deposition processing sys-

tem; and

depositing a neutral layer over the photoresist pattern and

exposed portions of the substrate, wherein the deposi-
tion processing system is an atomic layer deposition
(ALD) system, the neutral layer is deposited using ALD
deposition utilizing at least one precursor gas, and the at
least one precursor gas is tuned to set the chemical
properties of the neutral layer for subsequent directed
self-assembly (DSA) patterning.

17. The method of claim 16, wherein the neutral layer is
isotropically deposited over the photoresist pattern and
exposed portions of the substrate.

18. The method of claim 16, wherein the at least one
precursor gas comprises a C-containing gas, a H-containing
gas, an O-containing gas, or a Si-containing gas.

19. The method of claim 16, further comprising:

trimming the photoresist pattern subsequent to patterning

of the photoresist material.

20. The method of claim 16, further comprising:

hardening the photoresist pattern subsequent to patterning

of the photoresist material, to render the photoresist
pattern resistant to subsequent deposition of the neutral
layer.



